We use perturbative QCD to calculate the cross sections σ L,T for the diffractive production of open charm (cc) from longitudinally and transversely polarised photons (of virtuality Q 2 ) incident at high energy ( √ s) on a proton target. We study both the Q 2 and M 2 dependence of the cross sections, where M is the invariant mass of the cc pair. Surprisingly, the result for σ T , as well as for σ L , is perturbatively stable. We estimate higher-order corrections and find a sizeable enhancement of the cross sections. The cross sections depend on the square of the gluon density g(x, K 2 ), and we show that the observation of open charm at the HERA electron-proton collider can act as a sensitive probe of the gluon distribution for x = (Q 2 +M 2 )/s and scale
Introduction
The recent observation of high energy diffractive J/ψ photo-and electroproduction, γ ( * ) p → J/ψ p, at HERA [1] has attracted a lot of interest. The principle reason is that the presence of the "large" scale M 2 ψ + Q 2 makes the process amenable to perturbative QCD, even for photoproduction (Q 2 = 0). (M ψ is the mass of the J/ψ vector meson.) Indeed for sufficiently high γp centre-of-mass energy W the cross section for this, essentially elastic, process can be expressed in terms of the square of the gluon density. Thus, in principle, it seems to offer a particularly sensitive prove of the gluon distribution at small x. To lowest-order the γ * p → J/ψp amplitude can be factorized into the product of the γ → cc transition, followed by the scattering of the cc system on the proton via (colourless) two-gluon exchange, and finally the formation of the J/ψ from the outgoing cc pair. The sequence is sketched in Fig. 1 . The crucial observation is that at high energy the scattering on the proton occurs over a much shorter timescale than the γ → cc fluctuation or the J/ψ formation times. Moreover the two-gluon exchange amplitude can be shown to be directly proportional to the gluon density g(x, Q
2 ) with
In view of the importance of this connection, the corrections to the leading-order formula [2, 3] have been studied [4, 5] . It turns out that the major ambiguity is associated with the J/ψ wave function. In particular there are sizeable normalization uncertainties which arise from allowing for the relativistic motion of the c and c quarks within the J/ψ meson. Even though the normalization is not precisely determined, it is advocated [4] that the "shape" (or W dependence) of the cross section for J/ψ diffractive production at high energies can serve as a valuable probe of the small x behaviour of the gluon.
From a theoretical point of view the study of diffractive open charm production has some advantages as compared to J/ψ production. It avoids the ambiguities associated with the J/ψ wave function and yet retains the quadratic sensitivity to the gluon distribution. Moreover, in contrast to J/ψ, for open charm we can study the QCD behaviour as a function of M, the invariant mass of the cc system. In principle due to the heavy quark mass, perturbative QCD can predict both the cross sections σ L,T for diffractive cc production from longitudinally and transversely polarised photons. Indeed we find this to be the case. We compute both the Q 2 and M 2 dependence of σ T and σ L by integrating over the transverse momenta (k T ) of the produced c and c quarks, and over the transverse momenta (ℓ T ) of the exchanged gluons. Another feature is that the relevant scale at which the gluon is sampled in the diffractive production of open charm is (m 2 c + k
which grows with Q 2 . Besides (lowest-order) cc production we estimate higher-order QCD corrections arising from real and virtual gluon emissions. Recall that in the Drell-Yan process the O(α S ) contributions contain π 2 factors and that on resummation of these terms we obtain a significant enhancement of the cross section. In section 3 we will show that the O(α S ) correction to diffractive cc production also has a π 2 enhancement.
The basic formulae for diffractive open charm production
Here we study the diffractive production of a cc pair of invariant mass M from a photon of virtuality Q 2 at high γp c.m. energy √ s. The lowest order diagram for the process γ * p → ccp is shown in Fig. 2 . The Bjorken x variable is given by
As usual for a high energy diffractive process we introduce the variables
which is the longitudinal fraction of the proton energy carried by the "Pomeron" represented by the two-gluon exchange ladder in Fig. 2 , and
The transverse momenta of the outgoing c and c quarks are denoted by ±k T , and those of the exchanged gluons by ±ℓ T ; we are studying near-forward production. : Diffractive open charm production in high energy γ * p collisions, where z is the fraction of the energy of the photon that is carried by the charm quark.
It is convenient to use light-cone perturbation theory (see, for example, ref. [6] ) and to express the particle four momenta in the form where √ N C occurs in the amplitude, since the cross section is the sum over the number of colours N C = 3 of the charm quark.
The factorization of M follows since the lifetime τ γ of the cc fluctuation of the virtual photon is much longer than the time of interaction with the gluons τ i . It is informative to recall the argument of why this is so. According to the uncertainty principle the fluctuation time
where k 1 and k 2 are the four momenta of the quarks of mass m, and
An estimate of the interaction time can be obtained from the typical time for the emission of a gluon with momentum ℓ, from the quark k 1 , say. Then
where α = ℓ + /q + and z ′ = z − α. In the leading log 1/x approximation we have α ≪ z and hence
At high Q 2 the argument becomes particularly transparent. Then from (11) we have
whereas (14) gives
where x ℓ is the Bjorken variable for the gluon-proton interaction and m p is the mass of the proton. We are concerned with the kinematic region x B ≪ x ℓ where the leading log(x ℓ /x B ) approximation is appropriate, and so we have τ γ ≫ τ i .
Graphs which contribute to the amplitude
for the scattering of the cc pair off the target proton. At high energy z = z ′ and the quark helicities (λ and λ ′ ) are conserved.
During the short interaction time τ i the exchanged gluons change only the quark (and/or antiquark) transverse momenta, and leave their energy fractions and helicities unchanged. Thus T λλ ′ can be simply computed as the sum of the light-cone perturbation theory graphs shown in Fig. 3 . We have [3] 
where ∆ψ is the combination
To evaluate ∆ψ of (22) we need the photon wave function [3, 7, 8] . We use the convention of ref. [6] and express it in the form
where ee c = 2 3 e is the charge of the charm quark, ǫ is the polarisation vector of the photon, and Q 2 is given by (12).
The helicity amplitudes for diffractive cc production
In this subsection we explicitly evaluate the helicity amplitudes M λ(γ) λλ ′ which describe the diffractive production of a cc pair with helicities λ, λ ′ from a photon of helicity λ(γ). First we obtain the amplitudes for production from a longitudinally polarised photon and then from a transversely polarised photon.
The four momentum of the photon has the form q µ = (q + , −Q 2 /q + , 0), see (7) , and thus a longitudinally polarised photon is described by the polarisation vector
In order to evaluate (23) with ǫ = ǫ L we first note that
so that we have
We may use this identity to evaluate the matrix element which occurs in (23)
see, for example, ref. [6] . Using (23) and (26) we can evaluate ∆ψ for longitudinally polarised photons. We obtain
We substitute ∆ψ L in (21) and carry out the angular integration. We find the amplitudes for the production of c and c quarks with helicities λ, λ ′ from a longitudinally polarised photon to be
where the integral over the transverse momenta of the exchanged gluons is
Here we have introduced
In order to calculate the helicity amplitudes for diffractive cc production from a transversely polarised incoming photon it is convenient to evaluate [7, 6] the matrix element uγ T · ǫ T v using as a basis the circular polarisation vectors of the photon
Then we obtain
where here quark helicities of ± are represented by λ = ±1. In this polarisation basis we have
As before we substitute ∆ψ ± into (21) and carry out the angular integration. We obtain the helicity amplitudes
where the integral I 1 is given by (29) and
with Q 2 and Q 2 kℓ defined as in (12) and (30) respectively. Asymptotically, when
, or rather like 1/γ if the anomalous dimension γ of the gluon distribution is taken into account. At realistic energies non-logarithmic contributions are appreciable and the integrations I 1,2 (k 2 T ) have to be performed explicitly. The important domain of integration is
The diffractive γ T,L → cc cross sections
To evaluate the cross sections for open charm production we need to sum |M| 2 over the quark helicities λ and λ ′ . For production from longitudinally polarised photons we have from
while for transversely polarised photons we must average over the two transverse polarisation states λ(γ) = ±. From (34) we have
We are now ready to calculate the cross sections from (9) . On carrying out the z integration in (9) we find that the δ function gives a Jacobian factor 2(1−4m
, and moreover implies that
where we have defined
The variable K 2 turns out to be the scale probed by the process, since after the z integration
Collecting the factors together and inserting into (9) we find that the cross section for diffractive open charm production from longitudinally polarised photons is
and from transversely polarised photons is
The masses m and M are those of the c quark and the cc system respectively, and α is the electromagnetic coupling.
Leading logarithmic approximation
In practice the I 1,2 integrations over ℓ 2 T of (29) and (35) have to be performed explicitly, with the main contribution arising from the domain ℓ
T . However, before we do this, it is informative to derive analytical expressions for the integrals assuming that the main contribution comes from the region ℓ 
where we have used (19) to express the answer in terms of the conventional gluon distribution.
If we use these results to evaluate |M| 2 and substitute them into (9) then we find, in this approximation, that the cross sections are given by
where the scale K 2 is given by (38).
The scale K 2 for diffractive processes has been emphasized by Bartels et al. [9] and by Genovese et al. [10] . Ref. [9] concerns light quark-antiquark production and the "hardness" of the scale K 2 , and the validity of perturbative QCD is ensured by considering quark jets at large k 2 T . Ref. [10] discusses open charm production, based on earlier work starting from ref. [11] . It contains similar cross section formulae to (40) and (41), together with the logarithmic approximations of the form of (44) and (45). In particular the hardness of the scale
is emphasized, although the numerical predictions are made using the leading logarithmic approximation only, with the scale K 2 set equal to m 2 . Here, in section 4, we extend the numerical treatment to calculate explicitly the integrals I 1,2 over the exchanged gluon transverse momenta ℓ T , and moreover we evaluate the higher order contributions (of section 3). We shall see that the predicted values of the cross sections for diffractive cc production are considerably enhanced by both of these effects.
Connection with diffractive J/ψ production
It is instructive to see how these approximate cross section formulae given in (44) and (45) compare with the result which was derived for the exclusive production of heavy quarkantiquark mesons [2] [3] [4] . A convenient way to make the comparison is to consider the production of the mesonic states with
The kinematic region for such a reaction corresponds to
In this kinematic region we can rewrite the cross section formulae (44) and (45) in the form
where the scale Q 2 is obtained by neglecting k
, and where I L,T denote the integrals over k Formulae (48) and (49) have precisely the structure found for the exclusive diffractive production of a meson of mass M V (see, for example, the J/ψ diffractive production cross section given in eq. (2) of ref. [4] ), including the result
However, to obtain reliable estimates of σ L,T (J/ψ) we need to evaluate the overlap integrals which replace I L,T in (48) and (49). We return now to the subject of this paper, namely the diffractive production of open charm.
Higher order contributions to diffractive cc production
So far we have considered only lowest-order diffractive cc production. In this section we evaluate higher-order QCD corrections to the cross sections.
Real gluon emission contributions
We wish to calculate the contributions in which the incoming photon produces a ccg three jet configuration. As before, the time during which the two gluon exchange interacts with the ccg system is much less than the lifetime of the ccg fluctuation of the photon. So we can write the amplitude in factorized form and consider just the coupling of the exchanged gluons to the ccg state.
We need to consider only diagrams with space-like evolution. Those with time-like evolution do not change the cross section apart from the corrections discussed in the next subsection. We divide the contributions according to the transverse momenta ordering of the c, c and g. First we have contributions when the transverse momentum of the final gluon is much less than that of the quarks. The two exchanged gluons can couple to any of the three outgoing partons. There are eighteen such diagrams, two of which are shown in Fig. 4 . These diagrams initiate GLAP evolution of a diffractive state starting from a gluon of transverse momentum p T . They 
In contrast in the kinematic region where the outgoing gluon has transverse momenta greater than one of the quarks we have a dM 2 /M 4 behaviour. Fig. 5 shows such a contribution. It corresponds to GLAP evolution of a diffractive state starting from an initial quark (with transverse momentum p T ). Strictly speaking we should calculate the ccg contributions over all regions of phase space. At present the required formulae only exist for strong ordering of the transverse momenta. However, this should give a good estimate. In fact the situation is better than it first appears. For the low M 2 region lowest-order cc production is dominant. For higher M 2 we can use the so-called Pomeron-gluon splitting function, P gP , which is given by [12] 
which is valid either for transverse-momentum ordering (with the outgoing gluon having the smallest transverse momentum) or in the BFKL limit of large ln(1/z). The latter corresponds to large M 2 where the ccg configuration becomes important.
Using the formulae of ref. [12] with the coefficient functions of refs. [13, 14] we find
(52) where the lower limit z m is determined by the kinematical boundary
and the cut-off Q 2 0 is chosen to be 1 GeV 2 . The leading-order coefficient functions are given by
The ccg diagram driven by the quark distribution (p T ).
where r = m 2 /Q 2 and v, the c.m. velocity of the c quarks, is given by
We take the mass factorization scale µ 2 = 4m 2 , since it was shown [15] that this is the most appropriate choice for the perturbative stability of (52).
From (54) and (55) we can gain insight into how gluon emission contributes to the evolution equation. For large Q 2 /m 2 we can rewrite (54) and (55) in the form
Since z m → β in the limit of large Q 2 /m 2 , we see that the log(Q 2 /m 2 ) term in (57) generates the usual GLAP evolution equation, with the appropriate splitting function, for the diffractive dissociation structure function (as given in (74) 
below).
In principle it is straightforward to also evolve from the quark starting distribution and to determine its contribution at large Q 2 . However, it should be a small correction in the HERA regime.
Virtual contributions
So far we have discussed higher order contributions arising from real gluon emission. We should also study virtual loop corrections. For the Drell-Yan process such contributions change the cross section by a factor of 2 or more -the famous K factor. We must therefore investigate whether or not a similar enhancement occurs in the diffractive production of open charm. Unfortunately at present there are no complete calculations of the O(α S ) corrections for the diffractive process. However, it is well known that a large (usually the dominant) part of the K factor (say, in the Drell-Yan→ γ * process [16] ) comes from the analytical continuation of the Sudakov form factor [17] , which leads to a contribution proportional to (iπ)
2 . This contribution comes from the product of two imaginary parts -that is the discontinuities shown by the dashed lines in Fig. 6a which each give a factor of iπ. It is closely related to the double logarithmic contribution.
At first sight it appears that there will be no π 2 enhancements to the O(α S ) corrections to diffractive cc production, which from a simplified viewpoint looks like the process γ * → cc. If this simple view were true then to O(α S ) the cross section would be σ 0 (1 + α S /π), and there are manifestly no π 2 α S /π terms apart of course from the usual threshold corrections. However, as we shall see, when we allow for the two-gluon exchange interaction we find that there are new diagrams which lead to a π 2 enhancement. 
Let us first recall the origin of the O(π 2 α S /π) term in the simplest, Drell-Yan, case, which arise from the diagrams of Fig. 6 . We first consider the emission of a single soft gluon, shown in Fig. 6b , with energy ω and transverse momentum κ T . The probability to emit the gluon is
where here M is the invariant mass of the Drell-Yan µ + µ − pair, and where for simplicity of presentation we ignore, for the moment, the running of α S (κ 2 T ). Such soft gluons are emitted independently. Summing over all possible emissions, we obtain a Poisson distribution with average multiplicity n. The normalization factor exp(−n) comes from the loop diagrams where the emitted gluon is absorbed by the other quark. The factor is [17] exp
where each ln(M 2 /p 2 i ) contains iπ from the negative value of the quark virtuality p 2 i < 0.
1
Now on taking the sum of the virtual and real gluon emission terms we can obtain the O(α S ) contribution to the cross section for Drell-Yan production. We have
where σ 0 is the lowest order cross section and µ 2 ∼ |p 2 i |. The factor of 2 in the last term arises because the real emission can occur from either the q or theuark. Thus, since ln(−M 2 ) = ln M 2 + iπ, the "real" and "virtual" α S ln 2 M 2 cancel and we have
where the last result corresponds to the resummation of the gluon emissions. If we, as we should, use running α S (κ 2 T ) in the integral of (59), then we obtain a ln(M 2 ) ln(ln M 2 ) form. Proceeding as before, and noting ln ln(−M 2 ) = ln ln M 2 + (iπ/ ln M 2 ), it is straightforward to show that the enhancement factor is such that the Drell-Yan cross section becomes
with the argument of α S equal to M 2 /4. Note the absence of the factor 1 2 which occurs in the fixed α S result (62). The larger enhancement is expected since the running of α S (κ Figure 7 : The (virtual) diagrams responsible for the π 2 enhancements to diffractive cc production. The exchanged gluon has virtuality ℓ 2 < 0.
gluon has virtuality ℓ 2 < 0, whereas the quarks have p 2 i > 0. Note that ℓ 2 is the counterpart of M 2 for Drell-Yan production. These are the only graphs which have negative values of the arguments (ℓ 2 /p 2 i < 0) of both the logarithms of the counterpart of (60). Without the second t-channel gluon (indicated by ℓ T in Fig. 7 ) the diagrams are analogous to ordinary deep inelastic scattering for which there are no large O(α S π) enhancements. Of course there may be other O(α S ) contributions but these are expected to be much smaller than the π 2 terms. Thus a good estimate of the cross section for diffractive open charm production is
as in Drell-Yan production, but in this case the π 2 enhancement arises from quite different diagrams. For the diffractive process the argument of α S is of the order of the largest mass squared of the quark-gluon state, that is max(p The π 2 enhancement encapsulated in (64), which arises from the diagrams of Fig. 7 , is not what we would naively expect. In the space-time picture of section 2.1 we showed that the interaction time τ i of the cc pair with the proton is much less than the γ * → cc fluctuation time τ γ . We may therefore hope that the corrections of Fig. 7 are suppressed by a factor τ i /τ γ ≪ 1. This is indeed true for the contributions coming from the real part of the diagram, but it is not correct for those arising from the imaginary part, that is the crucial iπ terms. The imaginary part (the discontinuity) of the amplitude corresponds to the possibility of producing a real (not virtual) intermediate state which may live infinitely long. To obtain the imaginary contribution iπδ(p 2 − m the Feynman diagram in the coordinate representation. When we evaluate the discontinuity using the unitarity relation, 2 ImA = AA * , in the space-time picture the time in A * goes in the reverse direction to that in A. From the formal point of view the inverse direction of time arises from the opposite signs of iε in the Feynman propagators (p 2 − m 2 qg ± iε) −1 of the amplitudes A and A * . This point has been discussed in detail in the appendix of a paper by Gribov [18] .
Thus the large K factor of 1 + O(π 2 α S /π) does not contradict the space-time picture and the factorization properties described in section 2.1. In other words this O(πα S ) contribution may be regarded as what is left after the cancellation of the real and virtual gluon emission contributions which occur during the time-like evolution (or parton showering in the final state), which is usually not taken into account, as the leading logarithmic contributions for inclusive cross sections are cancelled.
It is interesting to contrast the enhancement of diffractive open charm production with the situation for diffractive J/ψ production. To calculate the probability for the exclusive J/ψ process we have to convolute the cc amplitude M λλ ′ of (10) with the wave function of the J/ψ meson just after the interaction. Here there is not sufficient time and energy to form a real intermediate quark-gluon state (analogous to the states formed in Fig. 7 ). Thus we do not expect a large K factor for diffractive J/ψ production. The corrections coming from the loop diagrams may be treated as corrections to the J/ψ wave function (including the possibility of ccg states in the J/ψ meson).
We now return to diffractive open charm production, the subject of this paper. We have considered the virtual corrections to cc production. For completeness let us also consider the corrections for ccg production. In this case we are less able to estimate the enhancement factor. In an important region of phase space the (cc)g system is produced in a colour octet-octet configuration, with the t-channel gluon ℓ interacting with the s-channel gluon jet, as in Fig. 4a . Similar arguments lead to an enhancement of the form of (63) but with the colour factor C F replaced by
On the other hand if the colour triplet-triplet configuration c(cg) is appropriate then the enhancement factor is that given in (63). However, the ccg contribution is only appreciable at the large values of M 2 , see section 4, and so the large value (and the large uncertainty) of the enhancement factor does not have serious impact on our main open charm predictions for HERA. To illustrate the ambiguity we show results for two possible enhancements of the ccg contribution. First, as an upper limit, we use (65). Then in a crude attempt to allow for the c(cg) and c(cg) configurations we take
which may be regarded as a lower limit.
The exponential enhancement factor for cc production in (64) is important. It is typically in the range 2.7-4.0. However (64) is only an estimate of the true K factor. To remove the scale dependence we need to know the two loop diagrams. Even at one loop level only the simplest, although the dominant, contribution (proportional to π 2 ) is taken into account. Nevertheless experience of the Drell-Yan process leads us to expect that the true K factor is well approximated by the simple expression in (64).
For diffractive J/ψ production we do not have to consider the soft gluon emissions, since they are already included in the normalization of the J/ψ wave function. The ambiguity in the estimates of the relativistic corrections to the wave function [4] is, in a sense, similar to the uncertainty due to the neglect of the higher loop etc. corrections to the simplified expression for the K factor.
Numerical estimates of open charm production
We use the QCD formalism developed in the previous two sections to estimate the rate of the diffractive production of open charm from both longitudinally and transversely polarised photons. We discuss both photo-and electro-production.
4.1.
A first glimpse of the structure of the γ * → cc diffractive cross sections
Before we present the detailed perturbative QCD predictions for the cross sections for diffractive open charm production it is informative to use the leading logarithmic approximation, (44) and (45), to crudely anticipate some of the general features of the results. An important advantage of the diffractive production of heavy, as opposed to light, quarks is the dominance of small-distance contributions. The k T integrations in (44) and (45) are infrared safe, protected by the mass m of the charm quark. Moreover the scale K 2 at which the gluon distribution is sampled is [9, 10] 
which may be considerably in excess of m 2 depending on the value of β and the dominant region of k 2 T sampled. Fig. 8 shows the integrands I L,T (k 2 T ) of the integrals in (44) and (45) for various values of Q 2 and β defined such that
where the cross sections have been integrated over t assuming the form exp(−b|t|) with slope
. We comment on these plots below.
For moderate values of β (0.3 < ∼ β < ∼ 0.8) we can obtain from the diffractive cross section formulae in (44) and (45) a rough estimate of the ratio σ L /σ T . We find Fig. 8(a) ). It follows that the value of k 2 T is nearer the upper limit 1 4 M 2 (as shown by the behaviour of the dashed curve in Fig. 9 for small β) . Hence σ L samples the gluon at high scales
Unfortunately in this domain the cross section σ L is very small.
Evaluation of the cross sections σ L,T for diffractive cc production
We calculate the cross sections for the diffractive production of open charm from the QCD formula of (40) and (41) for cc production, together with the higher order contributions arising from ccg processes of section 3.1 and the K factor of section 3.2. The integrals
over the transverse momenta of the exchanged gluons are evaluated numerically, where ℓ 
where we have used (20) to express the unintegrated distribution in terms of the conventional gluon density. The first estimate of the infrared contribution is made using
We compare this result with that obtained by performing the 0 < ℓ
). The two methods give essentially the same results. We also test the sensitivity of the predictions to variations in the choice of Q 2 0 in the range 0.65 to 1.5 GeV 2 . Again we find that the results are stable.
So far we have calculated the imaginary part of the amplitude, see (17) . At high energy W , that is small x IP , our positive-signature exchange amplitude behaves as
arising from the small x IP behaviour of the gluon. Provided that λ is small, λ < ∼ 0.3, the amplitude is dominantly imaginary and the real part can be calculated as a perturbation
We calculate the correction from (73) and allow for a possible dependence of λ on the scale ℓ 2 T of the gluon. The contribution of the real part is included in all the predictions shown below.
The cross sections are shown in Fig. 10 in the form
with i = L, T , after integration over t assuming the form exp(−b|t|) with the observed value of the slope parameter b = 4 GeV −2 . Eq. (74) relates the cross sections that are shown in Fig. 10 to the conventional definition of F D(3) . The cross sections are plotted as a function of the square of the invariant mass of the cc system for six different values of (x IP , Q 2 ); namely x IP = 5 × 10 −4 and 5 × 10 −3 and Q 2 = 0, 12 and 50 GeV 2 . The gluon of the MRS(A ′ ) set of partons [19] is used and the mass of the charm quark is taken to be m = 1.5 GeV. Throughout this paper 4 we take the running coupling α S to be such that it gives α S (M Some of the predictions shown in Fig. 10 are beyond the kinematic reach of the HERA electron-proton collider. For example if we take the maximum γ * p energy for which open charm can be measured to be W = 200 GeV then for x IP = 5 × 10 −3 we see from (4) that
From Fig. 10 we see that the cross section σ T is generally dominant, except for low values of M 2 at the higher values of Q 2 . This property is clear from Fig. 11 which shows the ratio dσ L /dσ T as a function of M 2 . Indeed the results for the cc contributions shown in Fig. 10 quantify the structure that we anticipated in (69). We notice that the gluon emission contributions ccg (of section 3.1) are relatively small for M 2 < ∼ 25 GeV 2 , especially for Q 2 = 0. Fig. 12 shows the sum of all the contributions to the cross section for the diffractive production of open charm for three recent sets of partons MRS(A ′ ,G) [19] and GRV [21] . The sensitivity to the square of the gluon density is evident. Moreover note that, as anticipated, the sensitivity is greater at the smaller value of x IP . The most recent HERA data for the inclusive proton structure function (41) and (52) using MRS(A ′ ,G) [19] (continuous, dashed) and GRV [21] (dot-dashed) partons (with m = 1.5 GeV). The dotted curve corresponds to a charm quark mass m = 1.7 GeV for the MRS(A ′ ) gluon. The "K factor" enhancements of (64) and (66) are included.
The x IP dependence of the cross sections
For diffractive production it is conventional to plot the cross section (integrated over t) versus x IP on a log − log plot in order to see if there is a universal x −n IP dependence with n independent of β and Q 2 . The motivation for studying such a power-like dependence on x IP comes from the Regge inspired approach to diffractive scattering in which n is closely related to the (t = 0) intercept of the Pomeron. Suppose we were to assume that at high energies our diffractive process is dominated by Pomeron exchange. Then it follows (see Fig. 13 ) that the cross section for large s/M 2 X may be written in the form
where the sum is over all Regge exchanges which contribute to photon-Pomeron elastic scattering including the Pomeron itself. This result applies for large M 2 X , but we can reasonably expect the same form with M X replaced by M, for large values of the cc invariant mass. Recalling that
we see that we can rewrite the cross section in the form dσ
where F P 2 can be regarded as the structure function of the Pomeron. The main feature of this Pomeron exchange model is that the power n = 2α P (t) − 1 does not depend on β and Q 2 and so can be treated as a flux factor [22] .
It is therefore informative to display our predictions for the diffractive open charm cross sections
on a ln F D(3) versus ln x IP plot to check whether a linear x −n IP form is obtained. The results are shown in Fig. 14 for the values of β and Q 2 that were chosen for Fig. 8 . From the figure we see that QCD predicts that the behaviour is only approximately linear. The values of n obtained from the slope of the curves at selected values of x IP are shown in Table 1 . We see that n depends on Q 2 , β and also x IP . This is to be expected. For the diffractive production of heavy quarks we can trust the purely perturbative QCD calculation based on two-gluon exchange; we are not in the regime of (non-perturbative or "soft") Pomeron exchange where n = 2α P (t) − 1. 
It is also useful to introduce the diffractive structure function integrated over x IP (as well as t)
which would be the charm component of the Pomeron structure function in the Pomeron exchange model approach. Even though we have seen that there is no basis for this model, it is still possible to write an evolution equation, similar to GLAP evolution, which gives the β and [12, 23] . Note that the integral over β of F
gives the contribution of diffractive charm production to the total deep inelastic cross section and is intimately related to the shadowing corrections to the deep inelastic structure function.
In Fig. 15 we show the predictions for F D(2) 2 as a function of β for Q 2 = 12 and 50 GeV 2 . We take the limits of the integration in (79) to be x 1 = 0.0003 and x 2 = 0.05 so as to be able to compare our predictions for F D(2) 2 (charm) with the experimental measurements [24] for the total diffractive structure function (which includes light quark production as well as charm). The experimental data at Q 2 = 12 GeV Table 1 .
2) at β = 0.2 (0.65), but again compatible within the errors with no β dependence. These are the values obtained by the H1 collaboration [24] . Similar results are found by the ZEUS collaboration [25] . We thus see from (charm) clearly disfavour the small x gluon distributions of these sets of partons, even allowing for the uncertainty in the K factor enhancement (64) or due to the choice of m. First we see the kinematic bound for cc production. It corresponds to an upper limit on β,
where the threshold mass is given by M 2 th = 4m 2 . The peak seen just below this value of β arises from cc production just above threshold with a fall off as M 2 increases (i.e. β decreases). The rise which occurs for smaller β corresponds to ccg production. Recall that for the ccg component there is a large enhancement arising from virtual corrections to this process. The 2 ) of (79) as a function of β for Q 2 = 12 and 50 GeV 2 respectively. The MRS(A ′ ) gluon is used. x IP is integrated over the interval (0.0003, 0.05). The curves branch at low values of β according to whether we use the enhancement factor (65) or (66) arising from the virtual corrections to ccg production.
size of the enhancement is not well known. This uncertainty in the ccg contribution is represented in Fig. 15 by two curves which correspond to two different choices, (65) and (66), of the ccg enhancement K factor. Indeed at the lowest value of β shown (for each Q 2 ), after the cc contribution is subtracted 5 , we find that the residual ccg contribution has approximately a factor of two uncertainty.
Conclusions
We have presented the QCD predictions for the cross sections (σ L,T ) for the diffractive production of open charm from longitudinally and transversely polarised photons of virtuality Q 2 . At lowest order, the diffractive processes γ * p → ccp are driven by two-gluon exchange between the cc pair and the proton. The perturbative predictions are protected by the mass m of the charm quark and are infrared safe. In fact the diffractive production of open charm depends on the square of the gluon density x IP g(x IP , K 2 ), with x IP = (Q 2 + M 2 )/s at a scale
where typically k
M is the invariant mass of the cc system.
We have aimed to make our diffractive cross section predictions as realistic as possible for the experiments at HERA. We have studied the Q 2 and M 2 dependence of both σ L and σ T . We found that σ L only exceeds σ T in the kinematic region of low M 2 and high Q 2 . There are several new features incorporated in our analysis. First, we integrate explicitly over the transverse momenta ±ℓ T of the exchanged gluons. This proves to be important, since we find that the inclusion of the ℓ 2 T effects increases the cross sections by about a factor of 2 as compared to using just the leading logarithmic approximation. Second, we have estimated the higher-order contributions to diffractive open charm production. These were divided into the computation of real emission ccg contributions, and the estimation of the enhancement due to virtual corrections to cc production. The real gluon emission contributions were found to be small for low M 2 , M 2 < ∼ 25 GeV 2 , and moreover decrease with increasing Q 2 . The virtual corrections on the other hand, are surprisingly important. They arise from the diagrams of Fig. 7 , and have some similarities to the π 2 enhancement of the O(α S ) corrections that is wellknown in Drell-Yan production. However, their occurrence in diffractive γ * → cc production is a novel and theoretically interesting effect. To a good approximation they can be resummed and represented by a K factor enhancement in the form of an exponential with argument O(α S π). Just as in Drell-Yan production, we estimate an enhancement of the lowest-order result by a factor of about 3. Due to the larger colour coupling of the gluon, the enhancement is expected to be greater for the ccg contribution. However, in this case the K factor is not well-known. Thus in the large M 2 (and small Q 2 ) region, where the ccg contribution is not negligible, our cross section predictions have a larger uncertainty (as represented, for example, by the branching of the curves shown in Fig. 15 at the lower value of β).
We have used the above perturbative QCD formalism to calculate the cross sections σ L,T for diffractive open charm production. We have presented representative numerical results to illustrate the Q 2 , M 2 and x IP dependence of the cross sections, which are relevant to the experiments at HERA. In particular we show the sensitivity to the choice of gluon distribution at small x.
We may compare diffractive open charm production with diffractive J/ψ production at HERA. Both processes are special in that they depend quadratically on the gluon distribution at small x. The main uncertainty in the calculation of the cross section for diffractive J/ψ production was found to be associated with the Fermi motion of the c and c within the J/ψ and the choice of the mass m of the charm quark [4, 5] . The uncertainty is greater in the predicted size of the cross section than in the energy (or equivalently the x) dependence of the cross section. That is the shape, rather than the normalization, of the observed cross section is a better discriminator between the various gluon distributions. The shape of the diffractive J/ψ photoproduction data collected at HERA favours the MRS(A ′ ) gluon relative to that of GRV, and rules out the MRS(G) gluon [4] .
Diffractive open charm production has the advantage that it is independent of the uncertainties due to the J/ψ wave function. On the other hand the higher order corrections to open charm have (novel) π 2 enhancements which lead to a large K factor which, at present, can only be estimated. The K factor uncertainty is not expected to be present in the J/ψ prediction; it is automatically subsummed by using the observed leptonic width to fix the J/ψ coupling. High energy data for the two processes will therefore act as complementary and independent probes of the gluon at small x. Their quadratic sensitivity to the gluon means that valuable information can already be obtained despite the above uncertainties.
When we compared our perturbative QCD predictions for diffractive open charm production with the inclusive data for diffractive production, at a given β and Q 2 , we estimate that about 25-30% of diffractive events arise from cc production (if the MRS(A ′ ) gluon is used). The β (and Q 2 ) dependence of diffractive cc production has special features that are well-illustrated in the sample results shown in Fig. 15 . Low mass cc production leads to a characteristic peak in the region β < ∼ Q 2 /(Q 2 + 4m 2 ), while ccg production only becomes important at much lower β. To identify the dramatic threshold behaviour it will be necessary to reconstruct the mass of the cc system. In summary we have used perturbative QCD to predict diffractive open charm production at HERA as a function of Q 2 , M 2 and x IP . The main unknowns are (i) the gluon distribution at small x IP , (ii) the mass m of the charm quark and (iii) the accuracy of the estimate of the large K factor enhancement. The quadratic sensitivity to (i) means that information on the gluon can still be obtained despite the ambiguities arising from (ii) and (iii). If the gluon is determined at small x by independent means, then the characteristic Q 2 , M 2 and x IP dependence of diffractive cc production will offer a valuable probe of the validity of perturbative QCD at x IP < ∼ 10 −3 and at scales of the order of a few times m 2 .
